Rheology plays an important role in dewatering processes. It is therefore interesting to analyze the dewatering process and the rheological behavior of a suspension simultaneously. An exact determination of the immobilization point at the maximum of the loss factor as well as the immobilization time can be attained using an oscillatory time test with preset strain. The degree of dewatering is determined via normal force controlled gap setting. This report offers an insight into the theory of the dewatering of liquid supersaturated suspensions and shows how the kinetics of dewatering can be determined using paper coating as an example.
INTRODUCTION
In the past, it was only possible to consider the dewatering of suspensions and their rheological properties separately, i.e. either the dewatering process or the rheological behavior was examined. Using an immobilization cell it is possible to combine both measurements [1] . This simultaneous measurement of the dewatering kinetics and the corresponding rheological properties provides application-specific information and aids in process and product optimization. Rheological oscillation tests reveal unattained information about the kinetics of the filter cake formation. Furthermore the method can be used to measure the water retention of suspensions and to evaluate the coating base paper [1] .
The immobilization-point as well as the immobilization-time are important factors in the optimization of the drying process. Drying times that are too long, for example, result in high process costs without significantly improving the product. Inhomogeneous products with a rough surface structure are often the result of material systems that are rheologically unbalanced. The rheological characterization of materials aids problem solving in technical applications.
THEORETICAL CONSIDERATION

DEWATERING
The dewatering of a suspension can be compared to squeezing out a sponge. At the beginning, the liquid can be squeezed out easily. The tighter the sponge is squeezed, the less liquid comes out and the more force is required. After complete "compression" (immobilization), the rheologically interesting part of the dewatering is completed.
One option for reducing the liquid part of a suspension is dewatering with gas pressure [2, 3] . At the beginning of the dewatering process, a gas pressure difference is applied to the sample. After a certain period of time, the sample is dewatered to the extent that the suspension reaches a saturated condition: all space between the particles is still filled with liquid but the particles touch each other and so the sample is immobile. A filter cake is produced. In many technical processes, thermal drying follows immobilization to achieve complete drying.
The kinetics of the dewatering is dependent on the total flow resistance R [m -1 ], the filter surface A [m 2 ], the viscosity of the liquid phase h [Pas] and the applied difference in gas pressure Dp [Pa]. According to Darcy (Eq. 1), the volume flow for a steady state, isothermal and single-phase flow is as follows (Incompressible filter cake):
(1) During dewatering, both the viscosity and the filtrate resistance change. The total resistance is the sum of the individual resistances produced by the filtrate and the filter. In the supersaturated condition, at time point t 0 = 0 s, the total resistance is almost identical to the filter resistance and is therefore considerably dependent on the filter medium.
(LIQUID) SUPERSATURATED SAMPLE
For many products, dewatering begins in the supersaturated condition in which the particles hardly touch each other and the liquid volume V l is considerably larger than the solid volume V s (Figure 1 ). During the dewatering process, the influence of the disperse phase increases. The particles form a sediment over the filter (filter cake) (Figure 2 ). The thickness of the filter cake grows and the suspension volume above it decreases [4] . The degree of immobilization X i [%] (Eq. 2) is defined as follows: (2) where d is the current measuring gap, d 0 the measuring gap at the start of the test, and d ti the measuring gap when the immobilization time is reached. The degree of immobilization X i characterizes the progress of the immobilization
process and can only be calculated after the measurement is over. When plotted on a graph over time t, it is easy to determine the point in time at which the immobilization process is complete. This is called the immobilization time t i .
IMMOBILIZED SAMPLE
When the immobilization time is exceeded there is a solid "filter cake" with a saturation of S = 1. Each particle in the disperse phase touches several neighboring particles. The liquid is found as a coarse capillary liquid between the particles. The sample is immobile; it is not possible for the particles to become more compact ( Figure 3 ) [2, 3] .
(LIQUID) SUBSATURATED SAMPLE
Now dehydration between the particles begins. The saturation S (Eq. 3) describes the residual moisture content of a suspension, which is already immobilized. The maximum moisture content is 100%.
where V h is the void volume and the porosity e is given by
The state of complete saturation is exceeded when the liquid menisci are pressed into the capillary bed. This is referred to as overriding the capillary entry pressure. The remaining dehydration of the filter bed can be carried out using thermal drying procedures, centrifugation, throughput or a combination of these processes [2, 3] . This removes the coarse capillary liquid, the inter particle liquid, the surrounding liquid and finally the internal liquid ( Figure 4 ).
RHEOLOGY
Suspensions are viscoelastic liquids or gels with dispersed solid particles. In dispersion paints, for example, the solid phase is usually made of titanium dioxide TiO 2 .
To prevent sedimentation, it is not enough to merely increase the viscosity. An increase in viscosity only prolongs the sedimentation time t. According to Stokes (Eq. 4), the following applies for the settling velocity v of a spherical particle in a laminar flow: (4) where x is the particle diameter, r the density (l = liquid; s =solid), h the sedimentation path, and g the gravitational acceleration. To counteract the sedimentation of the disperse phase, polymers with gel character are used. These build a network with their three-dimensional structures. The 3D molecular network keeps the solid particles floating. Result: the suspension is stable when in storage. The shear viscosity, however, is not a significant factor for storage stability and sedimentation stability.
The gel character of the applied sample also has an important influence on the layer thickness, leveling and surface structure. The 3D network ensures a greater layer thickness but can lead to less desirable leveling properties. Rheological examinations and the optimization of the substance composition is therefore extremely important. The flow properties are dependent on the degree of structural decomposition during the shear phase and the speed of structural recovery in the subsequent period of rest [5, 6] . An optimized suspension could possess the following properties: I A well-timed structural decomposition during the application of the suspension. This results in good surface leveling. I A well-timed structural recovery. This guarantees a defined layer thickness, stability or sedimentation stability. Expressed in rheological terms, the gel character (and therefore the structural strength, gel strength and stiffness) can be described by the modulus G'; whereas the loss module G'' reflects the viscous properties and therefore viscous flow. For these reasons, a balanced ratio of viscous to elastic parts is necessary in order to produce optimal suspensions. This ratio is described as the loss factor tan d = G''/G'. A gel character, viscoelastic gel or solid is present when G' > G'' or tan d < 1. A substance in which G' < G'' and tan d > 1 is rheologically speaking a viscoelastic fluid. The absolute values of the modules and the complex viscosity |h*| are also important parameters when judging the workability. When drying a suspension, a further parameter is important: The viscous and elastic properties change as a function of time and the applied pressure. This then influences the flow and strain behavior. The rheological material functions determined in the test can be reduced to a small number of characteristics, which are important to the application engineer.
TEST SETUP
All measurements here were performed with the Physica MCR 300 Rheometer with direct strain oscillation DSO, the immobilization cell IMC (licensed by BASF AG, Figure 5 ) and a normal force measuring cell. The normal force measuring cell is situated in the air bearing of the rheometer. The filter paper or membrane is fitted into the immobilization cell. The difference in pressure Dp = 30kPa between the filter and the environment is produced using an external vacuum pump. A measuring plate with a 50 mm diameter is used as a measuring system. 
TEST TYPES
Basically, there are three types of tests to choose from: I The CSS test with preset constant shear stress. This test has the decisive disadvantage that the shear rate or strain continually changes throughout the test. It is also impossible to measure during the immobilization phase because the shear rate or strain is then zero. The dewatering kinetics is effected by the shear. I For QC measurements, the CSR test with preset constant shear rate is the preferred option. A rheometer with dynamic control should be used for this measurement. The selected shear rate should be correspondingly small so that the immobilization phase can be determined and the dewatering process is not effected by the shear. I All the measurements in this report were performed as direct strain controlled oscillatory tests (DSO) under constant conditions. The parameters were: T = 20°C, strain g = 1%, angular frequency w = 10s -1 , gap = 1mm, measuring point duration t MP = 5s. The reproducibility and precision of the DSO test is very good for paste like suspensions under the above-mentioned conditions. Filter paper or membrane and their preparation before test start are extremely important for reliable and reproducible test results. All tests can be recommended for paste like suspensions but not for low viscous suspensions without elastic properties and quick immobilization times.
The oscillatory measurement has the advantage over the rotational measurement that the sample structure is not effected and is measured as if using a fixed and resting probe. It is also possible to continue measuring even in the solid, immobile condition.
RESULTS AND DISCUSSION -METHOD FOR MEASURING THE DEGREE OF DEWA-TERING
During the dewatering process, the sample volume changes (the volume of the extracted liquid is lost). The degree of dewatering can be measured using a very simple method: A normal force of F N = 0N is set in the measuring profile of the software. After the gap setting, the normal force must be kept at zero. With progressive dewatering, the normal force will become negative. A tensile stress from the sample acts on the measuring system. If the normal force is outside the tolerance band, then the measuring instrument will try to compensate for this negative normal force by moving to a smaller gap. It therefore follows the decreasing sample volume ( Figure 6 ). The variable measuring value gap is recorded during the measurement and taken into consideration in the calculation of the rheological variables. It is suspected, that the measuring gap is proportional to the degree of dewatering. Reference methods for the determination of solid contents were not used but are discussed by Jäder et al. [7] . From a rheological point of view, there are three ranges, which can be observed in the immobilization process.
RANGE 1: (LIQUID) SUPERSATURATED SAMPLE
In the first range, the rheological behavior is determined to a large extent by the viscoelastic liquid. A continual increase in the loss factor tan d can be observed in the range t < 8 min ( Figure  8 ). This means that the liquid character increases steadily when the viscosity remains constant (Figure 7 ; t < 8 min).
A possible explanation for this is shown in Figure 2 . When the difference in pressure is applied, the liquid volume decreases continually. However, a concentration gradient is produced in the sample. A filter cake is formed on the filter medium and a layer with lower liquid volume concentration forms below the measuring system [4, 7] . This liquid volume concentration decreases further until the immobilization point is exceeded. Subsequently the increasing solid volume concentration in the upper sample layer leads to an increase in the viscosity ( Figure  7 ; t > 8 min).
RANGE 2: TRANSITION RANGE
The first particle/particle interactions occur in the maximum tan d range. The rheology of the matrix liquid becomes less important. Similar to the glass transition point in temperature tests on polymers, a quasi phase transition (the immobilization point t ip ) can be determined at the maximum tan d (Figure 8 ; t ip ). The immobilization point marks the transition between liquid and solid behavior. The maximum is reached in this example at the immobilization point after t ip = 10.7 min. Particle/particle interactions increase with progressive dewatering. The substance therefore has an increasingly elastic character, i.e. the substance becomes less mobile. The flow character is lost and the solid character dominates, i.e. tan d << 1 (Figure 8 ; t > 11 min).
RANGE 3: (LIQUID) SATURATED & IMMOBI-LIZED SAMPLE
The time, at which a further dewatering using the gas pressure difference method is no longer useful, can be given as the immobilization time t i . The immobilization time for the examined paper coating is 15.5 min at p = 70 kPa and with a 1 mm sample height at the start of the test. The loss factor tan d moves towards zero and the storage modulus G' is now considerably larger than the loss modulus G'' (Figure 9 ; t > 14 min).
However, the dewatering is not yet completed. As already mentioned, the filter cake is in a saturated condition. Now the capillary dewatering phase begins. This cannot be determined via the dimension of the measuring gap. Although the gap now remains constant, a further decrease in G'' can be observed (t > 15.5 min).
Several specific points can be analyzed from the rheological material functions which have been measured. Table 1 lists the loss factor tan d (ratio: viscous to elastic), the storage modulus G' (elastic), the loss modulus G'' (viscous) and the value of the complex viscosity |h*| at the start of the test t 0 , at the immobilization point t ip and on reaching the immobilization time t i .
The immobilization time t i was determined at a degree of immobilization of 99% and 100%. The immobilization time t i_99 can be regarded as an effective drying time because the dewatering by pressure difference is to a large extent already complete. A subsequent thermal drying step would be definitively more effective than continuing with the immobilization process. The analysis of the degree of immobilization is performed after the measurement is completed. An analysis using the loss factor is a usable method for the online evaluation of the immobilization time, e.g. t i_tan d at tan d = 0.05.
CONCLUSION
Precise information on the kinetics of dewatering can be attained using an immobilization cell and a suitable rheometer. The corresponding rheological properties provide information about the filter cake formation and give an insight into the solid content profile between measuring plate and base paper. The oscillatory time test with preset strain and normal force control has several advantages over conventionally used methods.
A complete measurement of the immobilization process was not possible using a shear stress controlled rotational time test. The method presented here, however, determines the degree of dewatering as well as the immobilization point at the maximum of the loss factor, the immobilization time and the viscoelastic character of the sample at each point of the measurement. The measurements can also be continued in the solid state. The measuring gap adjusts itself to the sample volume due to the normal force control. This enables an alternative measurement of the dewatering kinetics.
The measured rheological values also reveal information about the suspensions viscous-elastic behavior, i.e. with consideration on surface 
